Hydrated cement produces the strength and stiffness of concrete, a widely utilized infrastructural material. Estimation of elastic constants of hydrated cement, a heterogeneous material consisting of numerous constituents, is a complex problem. This paper presents a comprehensive multiscale micromechanical estimation methodology. X-ray diffraction (XRD) investigations along with Rietveld refinements were done to estimate the constituents of hydrated cement. Molecular dynamics investigations were carried out for each individual constituent to determine individual elastic constants. Micro computed tomography (microCT) investigations determined the porosity of the sample at different cross sections and also estimated the pore-size distributions. The Mori-Tanaka homogenization principle was used on the constituent elastic constants to estimate the final elastic constants of the hydrated cement, which were compared with values obtained from experimental investigations in the literature. The methodology demonstrated that consideration of tobermorite (all three phases) and jennite along with the estimated macroporosity can predict the overall stiffness of the cement paste with an error of about 8%.
Introduction
Concrete is one of the most widely used infrastructural materials. The strength and stiffness of concrete is believed to result from the hydration of cement. Hydration of cement has been studied by several researchers; Scrivener et al. (2015) and references therein discussed current advancements on the topic. Constituents of hydrated cement are the major components behind the formation of mortar for concrete and/or cementitious composites. Hydrated cement components are primarily responsible for strength and stiffness development of mortar mix and eventually the strength and stiffness of the mortar, concrete, and/or cementitious mix. An accurate macroscopic estimation of the elastic constants should therefore depend on the individual microscopic constituents of the hydrated cement mix. A comprehensive study was initiated to identify rigorously the different constituents of hydrated cement mix through X-ray diffraction and Rietveld analysis, to determine the elastic constants of each of the components through molecular dynamic investigations, and then to use homogenization techniques to estimate the macroscopic elastic constants of the hydrated cement mix, which was then assessed by experimental observations at a macroscopic scale.
A similar concept of estimation of elasticity of hydrated cement was done through experimental investigations, including nanoindentation and homogenization techniques ). An alternative methodology to that of the nanoindentation technique using molecular dynamic simulations is proposed in this paper. The components in hydrated cement were identified through X-ray diffraction (XRD)/Rietveld analysis, and molecular dynamics (MD) investigations determined individual component elastic constants. Based on the estimated porosity from microCT investigations, homogenization principles were used to obtain the elastic constants of the hydrated cement.
Related studies used MD simulations and homogenization techniques to determine the elastic constants of calcium silicate hydrate (CSH) (Al-Ostaz et al. 2010; Zhou et al. 2015; Hajilar and Shafei 2015) . The literature argues that CSH is one of the major phases of hydrated cement, and therefore the estimation of CSH provides the properties for hydrated cement paste. However, hydrated cement paste consists of pores/voids as well as many other compounds apart from CSH, and therefore it is necessary to determine the contribution of all possible compounds in the mix to estimate the elastic constants of the mix.
As part of this work, detailed XRD/Rietveld analysis was carried out to identify different phases of hydrated cement paste. Although numerous studies reported XRD/Rietveld analyses of hydrated cement, most of these studies did not consider all the components, constituents, and phases that may be present in the mix. Most of the studies, whether they modeled CSH as tobermorite/jennite (T/J) or tobermorite/calcium hydroxide (T/CH) (e.g., Richardson 1999; Richardson 2004 ), considered only one phase of tobermorite 0.9, 1.1, and 1.4 nm however, a mixture of all these phases may be present in the hydrated cement mix. Variations in the structures of different types of tobermorites 0.9, 1.1, and 1.4 nm are primarily caused by the degree of hydration (Merlino et al. 2001) . Because the degree of hydration is not homogenous within the hydrated cement mix, there is an obvious possibility that all phases of tobermorite may reside within the hydrated cement mix simultaneously. Structural studies of CSH revealed that although the structure of CSH is similar to that of tobermorite and/or jennite, there are differences in the Ca:Si ratios of these compounds. Therefore the CSH model cannot be directly approximated by either of these structures, which is why CSH is idealized as a T/J or T/CH model. However, the plausibility of the coexistence of different forms of tobermorite along with jennite cannot be entirely ruled out to generate the structure of CSH. Apart from these considerations and/or open questions, many other components exist in hydrated cement which usually were missed by recent publications (Jansen et al. 2011a, b; Scrivener et al. 2004; Snellings et al. 2014a, b) , primarily because of the small quantities of these materials. However, the presence of these compounds even in small quantities may affect the elastic constants of the hydrated cement material. Furthermore, most of the aforementioned studies were primarily carried out to determine the constituents of hydrated cement paste without paying much attention to the determination of the elastic constants of the mix.
Hydrated cement (similar to that of concrete) has numerous pores in its structure , and therefore application of homogenization principles to the elastic constants of its individual components may not be sufficient to estimate the elastic constants of the mixture. Therefore, this study conducted microCT investigations to estimate the quantity of macropores present in the mix, which were then considered as inclusions to determine the final elastic constants of the mix. Because estimation of pores through microCT investigations is a new technology, the obtained results were compared with previous estimations by other researchers using mercury intrusion porosimetry (Gallé 2001; Odler and Robler 1985) .
The manuscript is arranged as follows: section "X-Ray Diffraction Study and Rietveld Analysis" deals with X-ray diffraction studies and Rietveld analysis, section "Molecular Dynamics Simulation" deals with MD simulation and evaluation of elastic properties, and section "Evaluation of Elastic Properties" deals with homogenization schemes to obtain the elastic constants of the hydrated cement paste. The obtained results are then compared with those from experimental investigations (Haecker et al. 2005 ).
X-Ray Diffraction Study and Rietveld Analysis
Cement slurry using ordinary portland cement (OPC) Grade 53 with a specific gravity of 3.08 was prepared by making tests according to standard normal consistency (32%) with 400 g portland cement and 128 g water. Test samples were chosen from paste of normal consistency, and after 24 h the samples were kept immersed under water and water cured for 7 and 28 days at 27°C and 55% relative humidity. The physical properties of cement were as follows: initial and final setting times were 200 and 273 min, respectively; fineness by dry sieving was 4% and that by Blaine apparatus was 369 m 2 =kg; soundness by Le Chatelier apparatus was 0.2 mm; and compressive strength at 7 and 28 days was 44.6 and 57.57 MPa, respectively. After curing, samples were taken from the 7-and 28-day hard paste, ground properly, and sieved with a 90-μm sieve. To stop the hydration reaction at different times, acetone was mixed with ground 7-and 28-day hydrated cement samples and again dried at a temperature of 45°C for 24 h to prepare the final test samples. Data acquisition for the X-ray experiment was conducted according to Table 1. Rietveld analysis (Rietveld 1969; Young 1993; McCusker et al. 1999 ) (an effective method for determining the quantitative phase amount in multiple phase mixtures) of XRD data was carried out for both the powder sample and the hydrated sample at 7 and 28 days of hydration. The principal of the method is that the intensities calculated from a model of the crystalline structure are fitted to the observed X-ray pattern by least-squares refinement, which is achieved by varying the parameters of the crystal structure and of the peak profiles to minimize the difference between observed and calculated powders in addition to hydrated patterns. The whole powder plus hydrated patterns are taken into consideration; problems of peak overlap are minimized. For Rietveld analysis, it is necessary to consider different components and phase structures which can probably be found within the material. Therefore, if possible phases are not considered in the Rietveld analysis, the results may not be proper even though the sum of the phases present is always normalized to 100%. The different components along with their phases that were considered in this work are given in Table 2. TOPAS version 4.2 was used to perform Rietveld quantitative phase analysis. The scale factors for each phase were calculated using TOPAS. The number of background coefficients was varied from 8 to 10 to study the impact of the background function on the quantification results. Initial structural models for the identified phases and corresponding atomic displacement parameters were taken from the literature. The refined phase specific parameters were the phase scale factors, the lattice constants, and the peak profile parameters. In order to stabilize the Rietveld refinement and avoid spurious correlations or excessive deviations from the initial values, constraints were imposed on the profile and lattice parameters, and a 1% variation of the lattice parameter values in the literature was allowed. In the TOPAS refinements, a Pearson-VII function was chosen to model the peak shape. In the TOPAS-Academic refinements (version 4), better fitting results were obtained using the fundamental parameter approach, which used an accurate description of the instrument geometry and setup. Figs. 1-3 show the match between different phase distributions identified with Rietveld analysis and with experimental observations. The variation in the phase distribution percentage for powder cement and hydrated cement at 7 and 28 days obtained from XRD/Rietveld analysis is presented in Table 3 . The progression of hydration resulted in the consumption of the initial components and phases present in the powder cement, with the exception of calcite. As expected, calcite typically demonstrated an increase in weight percentage along with the progression of hydration. As expected, a steady increase in the percentage of different phases of tobermorite and jennite also was observed. However, this is the first study which demonstrated that all different phases of tobermorite (9, 11, and 14 Å) coexist in the hydrated cement mix. Table 3 shows that ettringite formed at 7 days but no traces were observed at 28 days. The quality of Rietveld refinement is verified by some statistical parameters, such as profile, R p ; weighted profile, R wp ; expected error, R exp ; and goodness of fit (GOF) value, R wp =R exp (Young et al. 1995 )
where Y i = experimental intensity; and Y c;i = calculated intensity.
Profile R p and weighted profile R wp are the comparative parameters for the theoretical and experimental XRD patterns, which are used to check the convergence of a model to obtain better results. Typically, better refinement is obtained as the values of R wp and R exp approach unity (Kniess et al. 2012) ; however, values within 10% are considered to be satisfactory. A comparatively low goodness-of-fit (GOF) value predicts that the chosen crystal structures are more stable.
There are significant works in this regard by Scrivener et al. (2004) and Durdzinski et al. (2017) , but statistical parameters for goodness of fit for those Rietveld analysis studies were not prescribed in those studies for OPC and its hydrates, and therefore it is difficult to compare the fitting between those studies and the present study. Snellings et al. (2014a) reported similar values for GOF measures, but the samples were of commercial cement, and it is unclear whether it was OPC. However, some studies in the open literature specifically mentioned goodness of fit measures of the Rietveld analysis for OPC and/or its hydrates (Jansen et al. 2011a, b; Jadhav and Debnath 2011; Ferreira et al. 2017 compared (Table 4) , and based the results it is suggested that the choice of parameters (constituents and their phases) obtained in this study is better than those previously reported in similar studies of OPC and its hydrates.
Molecular Dynamics Simulation
Molecular dynamics simulations were carried out to determine the elastic constants of the individual components of the mix. Molecular dynamics is a well-known computer simulation method (Allen and Tildesley 1989) in which traditional Newtonian mechanics are applied to a molecular system, assuming the atoms as spherical particles and idealizing the bonds between atoms as springs. The dynamics of a system depend on particle-particle interactions which are described by empirical force field (FF) equations and the FF parameters (which are typically determined from ab initio investigations). The simulation procedure is broadly composed of three steps: energy minimization, dynamic simulation, and calculation of the mechanical properties. The choice of force field plays the most prominent role in studying the properties of different materials at the atomistic level with the help of molecular dynamics simulation. Across the scientific community reporting elastic properties of different cement components, COMPASS (Sun 1998 ) is commonly chosen as the force field for molecular-level investigation (Al-Ostaz et al. 2010; Hajilar and Shafei 2015) . A comparison study on elastic properties of CSH components have been reported by Al-Ostaz et al. (2010) using Material Studio modules (Forcite and Discover) using Compass and the Universal force field (Rappe et al. 1992) . Shahsavari et al. (2011) reported a similar study using Clay FF, Core-Shell, and CSH-FF force fields. Pellenq et al. (2009) developed a more realistic CSH model with the application of Monte Carlo (MC) and MD methods. The continuous silicon chains of Hamid's tobermorite 11 Å model were divided into shorter chains maintaining the Ca:Si ratio of 1.7 and water molecules were removed to create the initial structure. Water molecules were then reintroduced with the help of MC simulation targeting to achieve a density of 2.6 g=cm 3 with the help of suitably parameterized core-shell potential model. Analysis of several studies indicated that reported properties vary widely in the choice of force field. A review (Mishra et al. 2017) describing the detailed development of different force fields to study the cementitious materials is noteworthy. The present study used the INTERFACE force field (Mishra et al. 2013 (Mishra et al. , 2014 because of its high efficiency in predicting properties of most of the cement components compare with other force fields. It can be effectively used for simulating inorganic, organic, and biomolecular compounds. The force field parameters also cover most cementitious components of interest and can be used with harmonic force field expressions such as polymer consistent force field (PCFF) and consistent valence force field (CVFF). Special care was taken to evaluate the force field parameters by comparing them with experimental results at the atomic scale, such as atomic charges, dipole moments, and torsional barrier, and also by tuning the computed properties with experimental properties such as cell parameter, surface tension, hydration energy, and elastic properties. For the computation purposes of this study, the PCFF energy expression with suitable INTERFACE parameters was adopted for the components (Table 5 )
Due to the unavailability of a suitable force field to simulate C 4 AF, the Universal force field (Rappe et al. 1992 ) was chosen because it covers almost all the elements of the periodic table. The potential energy function [Eq.
(2)] of the Universal force field is a superposition of interactions such as bond stretch, angle bending, torsional term, inversion term, and van der Walls and electrostatic interactions. Bond stretching phenomena are described through a harmonic function or a Morse function, whereas bond angle variation and torsion and inversion interactions are expressed by Fourier cosine expressions. Electrostatic interactions are described by Coulomb's law with partial charges (obtained by a QEq charge equilibration scheme), and a 9-6 Lennard-Jones function represents the van der Waals interactions. Elastic properties of calcite were computed using the force field suggested by Rohl et al. (2003) using the GULP tools provided in Material Studio, and simulated observables were found to be consistent with the values reported. Proper force field parameters to simulate monocarboaluminate were absent across the literature and thus for computation purposes the results were adopted from the first principle study reported by Moon et al. (2014) 
The energy minimization procedure ensures a stable structure configuration, which corresponds to lowest energy for a particular molecular system. This study used the smart minimization method, which is a combination of the steepest descent, conjugate gradient, and Newton-Raphson methods. During the simulation, energy and force cutoff were taken as 0.0001 kcl=mol and 0.005 kcl=mol=A, respectively. The dynamic trajectory of atoms was computed by solving Newton's equation of motion with a velocity Verlet time integration scheme (time step ¼ 0.5 fs) and randomly assigned initial velocities. A periodic boundary condition (PBC) was used to detect the bulk system properties employing smaller molecular configurations. The trajectories at each time step formed the possible phase state configurations of the molecular system based on the principles of statistical mechanics. The energy minimization simulation was run for 200 ps under closed system (N), isobaric (P), and isothermal (T) ensembles to attain an equilibrium state at room temperature (298 K) and atmospheric pressure 0.0001 GPa for the supercell (which was composed of 3 × 3 × 3 unit cells). For controlling temperature and pressure, a Nose thermostat and Berendsen barostat were used. For accurate calculation of nonbonded energy, the Ewald summation method was chosen with 6A repulsive cutoff and 0.0001 kcl=mol energy convergence limit. Table 5 compares the lattice parameters obtained from the equilibration with those observed and reported from experimentation.
Evaluation of Elastic Properties
The virial expression proposed by Zhou (2003) was used to calculate the stress of the system at an atomistic level which is equivalent to the Cauchy stress tensor. Relative positions of different atoms change due to application of external load and can be represented by a second-order strain tensor. Elastic constants are computed from the stress strain relationship between stress (σ ij ) and strain tensor (ε ij ). The constitutive relationship [Eq.
(3)] can be constructed by application of the first and second laws of thermodynamics with the assumption that the elastic problem is reversible with zero dissipation. The static method of elastic property calculation disregards the entropic terms from Helmholtz free energy (A) at moderate temperature and replaces it with strain energy U
The elastic constants were calculated by the application of uniaxial and shear strains (applied maximum strain value 0.003) in each lattice direction in the equilibrated system, and subsequently the structure was subjected to a round of energy minimization with the parameters explained in the previous section. Typically, most compounds exhibit anisotropic behavior, and therefore uniaxial and shear strains are applied in numerous directions to estimate the elastic constants in respective directions. An approximation of isotropic nature of the materials (in spite of inherent anisotropy) was made in this study for simplicity considerations. An efficient averaging technique, Voigt-Reuss-Hill (VRH) approximation (Voigt 1928; Reuss 1929) , was then used to calculate the elastic modulus of the individual compounds. In the Voigt model, strain in the representative volume element (RVE) is considered to be uniform, whereas the Reuss model is based on the assumption of uniform stress within the RVE. Hill (1952) proposed that the Voigt and Reuss models lead to upper and lower bounds in calculating bulk (K) and shear modulus (G). the VRH model approximates the modulus value as the average values computed by the Voigt (Hill 1952 ) and Reuss (Hill 1965 ) methods individually. The following equations were used in calculating the bulk and shear modulus as per the Voigt (represented by subscript V) and Reuss (represented by subscript R) methods, and the average of the computed values led to the outcome of the VRH approximation
From the average values (based on VRH approximation) of bulk modulus K and shear modulus G, the Young's modulus (E) and Poisson's ratio (ν) can be calculated using the standard elastic relationship [Eqs. (10) and (11)]. Computed elastic moduli are summarized in Table 6 , which also includes reported results from the literature. Many of these values reported in the literature involved MD/molecular mechanics studies (Hajilar and Shafei 2015; Fisler et al. 2000; Manzano et al. 2009a; Manzano 2009 ) using different force fields, some included ab initio studies (Manzano et al. 2009b; Wang et al. 2015; Levien et al. 1980; Laugesen 2005; Dharmawardhana et al. 2013; Shahsavari et al. 2009 ), and others reported experimental values (Velez et al. 2001; Haussühl 1965; Dandekar and Ruoff 1968; Heyliger et al. 2003) of individual synthetically prepared compounds. MD estimation takes in only the pristine crystal properties without any defects which may occur within the real material
Homogenization Scheme
The elastic constants evaluated for each compound were homogenized using the Mori-Tanaka (MT) scheme (Mori-Tanaka 1973; Benveniste 1987 ) to obtain the elastic constants of hydrated cement paste. MT is a widely used numerical scheme (Zanjani Zadeh and Bobko 2014; Zhou et al. 2015; Al-Ostaz et al. 2010) for computing average elastic properties of heterogeneous porous materials. The heterogeneous system was idealized as inhomogeneous isotropic spherical inclusions embedded in a homogeneous matrix with a certain measured volume fractions (c r for inclusions and c 0 for matrix). This assumption of spherical inclusions for homogenization was made for simplicity; some studies considered nonspherical phase spaces (Pichler et al. 2009; Sanahuja et al. 2007 ) for stiffness estimations of cement paste. Those works demonstrated that the morphology of the hydrates influences the micromechanics-based elastic stiffness estimates of the cement paste. However, because our objective was to develop a methodology to reasonably estimate the elastic constants of hydrated cement paste considering all different components present within it, the aforementioned advanced homogenization rules were not used in our study. Pichler and Hellmich (2011) proposed the concept of hydrate foam, assuming that unhydrated compounds are significantly larger than hydrated products and therefore are dispersed as inclusions in the matrix of hydrated products. Our XRD analysis showed that, although the crystal sizes of tobermorite (the main constituent of CSH) were significantly smaller those of unhydrated compounds, other hydrated products such as portlandite were of comparable size. Therefore the suggestion of Pichler and Hellmich with regards to clubbing all hydrated products as matrix was not considered in this study. Repeated application of the MT scheme yields an overall isotropic behavior, and bulk modulus K and shear modulus G can be computed using Eqs. (13) and (14). The equations can be derived by decomposing the volumetric and deviatoric parts of the elastic stiffness tensor, followed by the calculation of the dilute concentration factor for K and G (A r dil;K and A r dil;G ). The coefficients α 0 and β 0 represent the volumetric and deviatoric components of the Eshelby tensor for spherical inclusions in the matrix
The MT scheme was applied at different levels to obtain the homogenized values of elastic constants. As per Ulm et al. (2004) , Level 1 corresponded to a length scale of 10 −6 to 10 −8 m. At this level, jennite is taken as matrix (due to its comparatively lower stiffness) in which tobermorite 14, 11, and 9 Å are embedded as isotropic inclusions to form the solid CSH phase. CSH gel exists in two phases, low density (LD) (37% porosity) and high density (HD) (24% porosity) (Jennings 2000) , with an approximate volumetric ratio of 0.39∶0.61 (for w∶c ¼ 0.32 and assumed degree of hydration 0.76 [based on Powers (1958) and Powers and Brownyard (1946) ] (Tennis and Jennings 2000) . In spite of our simplistic assumptions of the existence of LD and HD phases of CSH, recent studies demonstrated that CSH has a continuous density distribution (Königsberger et al. 2016) , in which CSH is classified into two classes, A (solid phases) and B (a foam-like phase combining solid, gel, and capillary pores). However, the present study considered LD and HD CSH phases separately for simplified calculation (in agreement with previous literature). Classical MT theory was used, assuming the porosity as spherical inclusions in the CSH matrix, and Eqs. (12) and (13) can be simplified as
The obtained elastic values of LD and HD CSH were then homogenized with LD phases as the matrix and HD phases as inclusion to obtain homogenized values of elastic constants for CSH. Once the final values of CSH were obtained, Level 2 homogenization was used. In Level 2 homogenization, corresponding to a length scale of 10 −4 to 10 −3 m, CSH was mixed with other hydrated and unhydrated phases to form the hydrated cement paste. In this homogenization, CSH was taken as the matrix and other compounds were taken as inclusions to obtain the elastic properties of the hydrated cement. The results indicated that tobermorite (9, 11, and 14 Å) and jennite made the maximum contribution to the stiffness of the paste, whereas other phases [C 3 S, C 2 S (beta), C 2 S (gamma), C 3 A, C 4 AF, gypsum, quartz, calcite, portlandite, monocarboaluminate, and monosulphate) together made a negligible contribution (<5%). However, at this level also there was a need to perform another round of MT calculations assuming macroscopic voids/pores as spherical inclusions using Eqs. (18) and (19). The estimation of pores/voids was done previously in the literature using a method known as mercury intrusion porosimetry, in which the porosity of hydrated cement paste was estimated as 10% (Gallé 2001) or 7% (Röβler and Odler 1985) . However, the values reported by mercury intrusion porosimetry are an average value of the percentage of pores in the entire specimen. There may be a distribution of pore volume fraction in the entire specimen which cannot be captured with the MIP technique. This study estimated the pores using microCT investigations (using a GEPhoenix Vtomax S machine with a capacity of 240 kV and 3 mA current); the applied voltage and current were 60 kV and 120 μA, respectively, and the voxel size was selected to be 6.041 μm. A hydrated cement sample cube (with the same specifications as for the XRD tests) was prepared using only cement powder and 32% by weight water. A microCT test [Figs. 4(a and b) ] was performed on a 100-mm-cube sample after 28 days of curing in which 600 slices were taken from the front to the back through the cubic specimen. Fig. 4(c) shows the two-dimensional (2D) porosity of the slices (expressed as a ratio of the pores to the total area of each of the slice) in the samples. The porosity at the midportion of the sample was quite high compared with that at the edge portions, with values ranging from 2.3 to 16.56%. Three different points on the curve in Fig. 4(c) are marked a, b and c. The distribution of pores with regards to their sizes is shown in Fig. 5 . The average pore radii in minimum-and maximumporosity regions [Points a and b, respectively, in Fig. 4(c) ] varied between 24.16 and 29.22 μm.
The final values of hydrated cement paste obtained for a w∶c ratio of 0.32 varied with the percentage of porosity considered for the samples. In an experimental work [ Fig. 5 of Haecker et al. (2005) ], the value of Young's modulus for this w∶c ratio was 28 GPa. If the maximum porosity of 16.56% is considered, then the value obtained for the Young's modulus is close to that obtained from experiment (with an error of about 8%); otherwise, the values for other levels of porosity [at Points a, b, and c in Fig. 4(c) , as well as values from MIP tests in the literature (Gallé 2001; Odler and Robler 1985; Röβler and Odler 1985) ] are within the range of values obtained from experiments with some errors. The different parameters (K, G, E, and ν) calculated using the MT scheme are listed in Table 7 . Overall, the estimated values were close to those from experimental observations by other researchers. 
Conclusion
This paper provides a comprehensive multiscale micromechanical determination of the elastic constants of hydrated cement paste. The study involved XRD/Rietveld analysis to determine the different compounds along with their different phases that are present in hydrated cement. This study considered the simultaneous coexistence of different phases of compounds in the hydrated cement mix, which is significantly different from previous XRD/Rietveld analysis studies of hydrated cement. Each of these compounds and their phases were then modeled using molecular dynamic simulations utilizing Class II semiempirical potentials, and elastic constants were determined. The elastic constants estimated for each of these compounds and their phases were then homogenized using the Mori-Tanaka scheme at different levels. MicroCT investigations determined the distribution of macroporosity in the sample and also the pore-size distributions. The porosity was introduced in the calculations to obtain the final elastic constants of hydrated cement, which were compared with reported experimental values. The correlation with macroscopic experimental observations indicated the viability of this multiscale methodology to determine the elastic constants of hydrated cement from its constituents at the nanolevel. The methodology also demonstrated that consideration of tobermorite (all three phases) and jennite along with the estimated macroporosity can predict the overall stiffness of the cement paste with an error of about 8%. tory. The high-resolution XRD and microCT investigations were carried out using the facilities at the Central Research Facilities (CRF) at the Indian Institute of Technology, Kharagpur, India. The second and third authors are grateful to IIT Kharagpur for their doctoral fellowships.
Notation
The following symbols are used in this paper: A = Helmholtz free energy (J); A r dil;K , A r dil;G = dilute concentration factor for K and G; C ijkl = elastic constant (GPa); c r , c 0 = volume fractions for inclusion and matrix; E = Young's modulus (GPa); E UFF pot = potential energy of Universal force field (kcal=mol); E pot = potential energy of PCFF force field (kcal=mol); G S , K S = shear modulus and bulk modulus of solids, respectively (GPa); G V , G R = shear modulus for Voigt and Reuss approximations, respectively (GPa); G VRH , K VRH = shear modulus and bulk modulus for Voigt-Reuss-Hill approximation (GPa); K ij , K ijk , K ijkl = force constants for bond, angle, and dihedral for Universal force field (kcal=mol); K r = vibrational constant for bond stretching (kcal=mol=Å 2 ); K V , K R = bulk Modulus for Voigt and Reuss approximations, respectively (GPa); K θ = vibrational constants for angle bending (kcal=mol=degrees 2 ); K χ = coefficients for out-of-plane interactions (kcal=mol=degrees 2 ); p = porosity; q i = point charge for atom i, multiple of electron charge (proton ¼ 1.0); r ij = distance between atom i and atom j (Å); r 0;ij = equilibrium bond length (Å); U = strain energy (J); V 0 = volume (Å 3 ); V ϕ = torsional coefficients (kcal=mol); α 0 , β 0 = volumetric and deviatoric components of Eshelby tensor; ε = strain; ε 0 = permittivity of free space (8.85 × 10 −12 C 2 =Nm 2 ); ε 0;ij = equilibrium nonbonded energy (kcal=mol); ε r = dielectric constant; θ 0;ijk = equilibrium bond angle (degrees); θ ijk = angle between bonded atoms i, j, and k (degrees); ν = Poisson's ratio; ϕ 0n;ijkl = equilibrium torsional angle between planes containing atoms i, j, k, and j, k, l (degrees); ϕ ijkl = torsional angle between planes containing atoms i, j, k and j, k, l (degrees); χ 0;ijkl = equilibrium out-of-plane angle (degrees); χ ijkl = out-of-plane angle (degrees); and ω ijkl = angle between i; l-axis and i; j; k-plane for Universal force field (degrees).
